By extracting the permittivity of monolayer MoS 2 from experiments, the optical absorption of monolayer MoS 2 prepared on top of one-dimensional photonic crystal (1DPC) or metal films is investigated theoretically. The 1DPC and metal films act as resonant back reflectors that can enhance absorption of monolayer MoS 2 substantially over a broad spectral range due to the Fabry-Perot cavity effect. The absorption of monolayer MoS 2 can also be tuned by varying either the distance between the monolayer MoS 2 and the back reflector or the thickness of the cover layers. c 2014 Optical Society of America
Monolayer MoS 2 as a new kind of two dimensional (2D) semiconductor has elicited significant attention because of its distinctive electronic and optical properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Monolayer MoS 2 exhibits a direct band gap in the visible frequency range [1] [2] [3] [4] , which is more favorable for optoelectronic applications than graphene in numerous cases. Monolayer MoS 2 has show numerous potential applications in flexible phototransistors, photodetectors, photovoltaics, and signal amplification [5] [6] [7] [8] [9] [10] [11] [12] [13] . Notably, the photoresponsivity of monolayer MoS 2 photodetectors can reach 880 A/W, which is 10 6 better than that of the first graphene photodetectors (∼0.5 mA/W) [5] .
The optical absorbance in monolayer MoS 2 is minimal (< 11%) due to its ultrathin thickness, which is not conducive to fabrication of photodetectors, solar cells, and optical amplification. Thus, to promote the applications of monolayer MoS 2 , the optical absorptance in monolayer MoS 2 waves should be enhanced. In studies of graphene, several mechanisms have been proposed to enhance the absorption of graphene, e.g., periodically patterned graphene, surface plasmon, microcavity, graphene-negative permittivity metamaterials, and attenuated total reflectance, etc [15] [16] [17] [18] [19] [20] [21] [22] [23] . The interaction between graphene and optical beams can also be enhanced when the graphene layers are prepared on top of one-dimensional photonic crystal (1DPC) or with resonant metal back reflectors because of the Fabry-Perot (F-P) cavity effect [24] [25] [26] . The proposed structures are very easy to fabricate using existing technology.
In this Letter, the optical absorption of monolayer MoS 2 prepared on top of 1DPC or metal films with a spacer layer and cover layers is investigated theoretically. We find that the absorption of monolayer MoS 2 can be enhanced by nearly four times because of the F-P interference. The absorption of monolayer MoS 2 with 1DPC is slight larger than that of monolayer MoS 2 with metal films. However, the full width at half maximum (FWHM) of the absorption spectrum of monolayer MoS 2 with metal films is much larger than that of monolayer MoS 2 on top of 1DPC. The absorption of monolayer MoS 2 can also be tuned by varying the thickness of spacer layers and cover layers. Our proposal is very easy to implement and has potential important applications in monolayer MoS 2 optoelectronic devices.
The details of the structure are shown in the inset of Fig. 1 (a) . The 0.65 nm monolayer MoS 2 is prepared on top of the SiO 2 spacer layer with high-κ dielectric HfO 2 cover layers. A 1DPC or 130 nm silver film is placed at the bottom of the SiO 2 spacer layer as the resonant back reflector (RBR). The 1DPC is composed of alternating MgF 2 and ZnS layers with a total of 8.5 periods. The permittivity for silver film is frequency dependent [27] . The refractive indices of SiO 2 , HfO 2 , MgF 2 , and ZnS at λ = 550 nm are n SiO2 = 1.55, n Hf O2 = 1.93, n MgF2 = 1.38, and n ZnS = 2.59, respectively [27] .
To model the absorption of monolayer MoS 2 in these structures, the details of the permittivity of monolayer MoS 2 must be obtained first. Numerous methods based on first-principle calculations have been used in the calculations of the optical spectrum of monolayer MoS 2 [28] [29] [30] [31] . However, the reported theory results are conflicting. Differences between theoretical results and experiment results have been noted. The permittivity of monolaye MoS 2 can be extracted from experiments with the use of two exciton transition and the band transition [2] . The imaginary permittivity of exciton can be described by Lorentzian function. Neglecting the variation of the transition matrix elements with energy, the band absorption of a 2D semiconductor α b can be described by the step function and the corresponding imaginary permittivity is ε b = n r0 c 0 α b /ω, where c 0 is the speed of light in vacuum and n r0 = 2.05 is the transverse component of the static refractive index [30] . Thus, the imaginary part of the total permittivity can be expressed as
where 
where p is the principal value integral. The parameters in Eq. (1) are obtained by fitting the experimental data using the standard transfer matrix method [24] . The results are shown in Table 1 and Fig. 1(b) . Although nine fitting parameters are in Eq.
(1), these parameters are relatively independent. For instance, the parameters Γ A , f layer MoS 2 and the interaction with the substrate may also enhance the linewidth. The fitting E ′ g of the absorption spectra is small, which indicates that it is mainly contributed by the quasiparticle band absorption.
The monolayer MoS 2 has a large imaginary part of permittivity [ Fig. 1(c) ]. However, the maximum absorptance (i.e., the directly proportional ratio of the radiation absorbed by the monolayer MoS 2 to that incident upon it) of suspended monolayer MoS 2 is only about 9.6% due to its ultrathin thickness. By contrast, when a monolayer MoS 2 is prepared on top of the 1DPC (silver film), the maximum absorptance can be as high as 34.9% (33.5%)[ Fig. 1(c) ]. Thus, the absorptance of monolayer MoS 2 with 1DPC (silver) film can be enhanced by about 3.64 (3.49) times. In this structures, the monolayer MoS 2 and the RBR act as the mirrors of the F-P cavity. The light propagates back and forth in the F-P cavity, which enhances the absorption of monolayer MoS 2 . The maximum absorption of monolayer MoS 2 with 1DPC is slightly larger than that of monolayer MoS 2 with a silver film due to the higher reflectivity of 1DPC. However, the reflectivity of 1DPC is limited to the photonic band gap width in 1DPC. By contrast, the silver film can reflect lights effectively within the visible light range. Thus, the FWHM of the absorption spectrum of monolayer MoS 2 with silver film is much larger than that of monolayer MoS 2 with 1DPC. To contrast, we also show the absorptance of the monolayer MoS 2 prepared on top of thick SiO 2 substrate in fig. 1(d) . The maximum absorptance is only about 6.1%, which is smaller than that of suspended monolayer MoS 2 due to that the traditional substrate material enhance the reflection of the monolayer MoS 2 .
The absorption of monolayer MoS 2 can also be tuned by varying the thickness of the spacer layer. In Figs. 2(a)  and 2(b) , we plot the absorptance of monolayer MoS 2 as a function of the wavelength and the spacer layers thickness d s without cover layers. Similar to the microcavity, the resonant absorption wavelength of monolayer MoS 2 with 1DPC can be described as n Sio2 d s /λ = 4mπ with including the half-wave loss, where m is an integer. Thus, the absorption peak photon energy increases with decreasing spacer layer thickness. However, the resonant absorption wavelength of monolayer MoS 2 with silver films is not strictly equal to n Sio2 d s /4mπ duo to the dispersion and existing skin depth in the silver films. The absorption peak photon energy of monolayer MoS 2 with silver films increases slowly with decreasing spacer layer thickness. The electron mobility in monolayer MoS 2 can be enhanced several times by the high-κ dielectric HfO 2 cover layers [32, 33] . The cover layers can also adjust the absorption of monolayer MoS 2 . The details are shown in Figs. 2(c) and 2(d). The normal cover layers cannot enhance the absorptance of monolayer MoS 2 . However, the peak photon energy can be tuned by varying the thickness of the cover layers. Different from the spacer layer, the absorption of monolayer MoS 2 with both 1DPC and silver films are the same way when the cover layer thickness increases.
Finally, we turn to the discussion on the absorptance of the monolayer MoS 2 prepared on top of Si substrate with SiO 2 spacer layer. This structure has been fabricated in the experiment [5] . The Si substrate can also act as the RBR due to its high refractive index, and thus enhance the absorptance of the monolayer MoS 2 . The absorptance of the monolayer MoS 2 with Si substrate as function of the spacer layers thickness d s for optical wavelength λ = 561nm (same as in the experiment [5] ). For d s = 270 nm, the maximum absorptance of the monolayer MoS 2 is about 9% [ Fig. 3(a) ]. This is why a d s = 270 nm SiO 2 spacer layer is fabricated in experiment. By contrast, the absorptance of suspended monolayer MoS 2 is about 5.9% and the absorptance of monolayer MoS 2 with sliver films is about 22% due to the higher reflectivity of sliver films. Furthermore, the FWHM of the absorption spectrum of monolayer MoS 2 with metal films is larger than that of monolayer MoS 2 with Si substrate [ Fig. 3(b) ]. Thus if the Si substrate is replaced by the metal films in the experiment, the photoresponsivity and the FWHM of monolayer MoS 2 photodetectors can be further enhanced greatly.
In conclusion, the optical absorption of monolayer MoS 2 prepared on top of 1DPC or silver films with a spacer layer is investigated theoretically. In these structures, the maximum optical absorptance of monolayer MoS 2 can be raised to 35% with a large FWHM due to the F-P cavity effect. The absorption of monolayer MoS 2 with 1DPC is slightly larger than that of monolayer MoS 2 with silver films. However, the FWHM of the absorption spectrum of monolayer MoS 2 with silver film is much larger than that of monolayer MoS 2 with 1DPC. The absorption of monolayer MoS 2 can also be tuned by varying the thickness of the spacer layers and cover layers. Our proposal is very easy to implement and may have potentially important applications in the development of monolayer MoS 2 based optoelectronic devices. This work was supported by the NSFC Grant Nos. 11264029, 11264030, and 11364033, the NSF from the Jiangxi Province No. 20122BAB212003, .
